Intestinal ischemia/reperfusion (I/R) induces mucosal barrier dysfunction and bacterial translocation (BT). Neutrophilderived oxidative free radicals have been incriminated in the pathogenesis of ischemic injury in various organs, but their role in the bacteria-containing intestinal tract is debatable. Primed neutrophils are characterized by a faster and higher respiratory burst activity associated with more robust bactericidal effects on exposure to a second stimulus. Hypoxic preconditioning (HPC) attenuates ischemic injury in brain, heart, lung and kidney; no reports were found in the gut. Our aim is to investigate whether neutrophil priming by HPC protects against intestinal I/R-induced barrier damage and bacterial influx. Rats were raised in normoxia (NM) or kept in a hypobaric hypoxic chamber (380 Torr) 17 h/day for 3 weeks for HPC, followed by sham operation or intestinal I/R. Gut permeability was determined by using an ex vivo macromolecular flux assay and an in vivo magnetic resonance imaging-based method. Liver and spleen homogenates were plated for bacterial culturing. Rats raised in HPC showed diminished levels of BT, and partially improved mucosal histopathology and epithelial barrier function compared with the NM groups after intestinal I/R. Augmented cytokineinduced neutrophil chemoattractant (CINC)-1 and -3 levels and myeloperoxidase activity correlated with enhanced infiltration of neutrophils in intestines of HPC-I/R compared with NM-I/R rats. HPC alone caused blood neutrophil priming, as shown by elevated production of superoxide and hydrogen peroxide on stimulation, increased membrane translocation of cytosolic p47 phox and p67 phox , as well as augmented bacterial-killing and phagocytotic activities. Neutrophil depletion reversed the mucosal protection by HPC, and aggravated intestinal leakiness and BT following I/R. In conclusion, neutrophil priming by HPC protects against I/R-induced BT via direct antimicrobial activity by oxidative respiratory bursts and through promotion of epithelial barrier integrity for luminal confinement of enteric bacteria.
Intestinal ischemia/reperfusion (I/R) injury and hypoxic stress are seen in patients with mesenteric artery embolism, traumatic or hemorrhagic shock, and inflammatory bowel disease; they are also of concern for those undergoing major abdominal and cardiovascular surgery. [1] [2] [3] Intestinal I/R may trigger mucosal barrier damage and enteric bacterial translocation (BT), leading to development of septic complications. 4, 5 The intestine contains over 100 trillion commensal bacteria that are normally restricted to the lumen. 6, 7 Germ-free rodents subjected to mesenteric I/R exhibited less intestinal and lung histopathology, and showed higher survival rates than conventionally raised animals, underscoring the role of enteric bacteria in the pathogenesis of I/R-induced local and remote organ dysfunction. 8 The barrier function of the gut relies on tightly linked epithelial layers and underlying innate immune cells in the lamina propria. Once the epithelial barrier is breached, the activation of neutrophils provides an innate defense against the invading pathogens. Circulating neutrophils infiltrate rapidly to peripheral sites on tissue injury to engage in phagocytosis and produce free radicals for bactericidal effects. [9] [10] [11] In contrast to sterile visceral organs where neutrophil activation is considered harmful to post-ischemic tissues, [12] [13] [14] sufficient activation of phagocytes in the gut mucosa may have critical roles in curbing the invasion of enteric bacteria. In line with this thought, novel therapies that strengthen the epithelial and/or immune barrier to inhibit BT may be useful in reducing intestinal I/R injury.
Hypoxic preconditioning (HPC) is defined as the phenomenon whereby exposure of animals or cells to intermittent hypoxia protects them against a sustained period of subsequent ischemia. Clinical evidence indicates that individuals living at high altitudes show lower mortality rates of coronary heart disease and stroke compared with those living at sea levels. 15 Training protocols employing intermittent exposure to hypobaric hypoxia also provided beneficial effects to the cardiac and respiratory systems for stronger sports performance. 16, 17 Numerous animal studies have documented that HPC protects the heart, brain, kidney and lung against I/R injury. [18] [19] [20] [21] Other reports have indicated that adaptive hypoxia protects the intestinal epithelial barrier integrity via transcriptional regulation of hypoxia-inducible factor 1 in experimental colitis models. [22] [23] [24] It remains unclear whether HPC attenuates mesenteric I/R-induced intestinal mucosal injury and BT.
Neutrophil activation and free radical production act as double-edge swords that are responsible for microbial clearance and may induce bystander tissue injury. Although previous literature implicates neutrophil activation as a cause of gut reperfusion injury, 25, 26 others have shown contradictory data in which depletion of neutrophils fails to attenuate mucosal histopathology in intestinal I/R and experimental colitis models. 27, 28 Other reports also argue against the initiating role of neutrophils in gut tissue damage since the onset of mucosal destruction occurs before neutrophil infiltration. 29, 30 These findings suggest that neutrophil activation is secondary to intestinal barrier defects and BT, supposedly to engage in antimicrobial activities. It is noteworthy that despite extensive research for over two decades on oxygen-free radicals and neutrophils, clinical trials of antioxidants or antineutrophil therapy have not had much success in reducing I/R injury in various organs. [31] [32] [33] [34] Oxidative respiratory bursts in neutrophils are characterized by the production of superoxide, hydrogen peroxide and hypochlorous acids. The synthesis of free oxidative radicals is catalyzed by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and myeloperoxidase (MPO). 9, 10 Neutrophil activation is a finely tuned two-step mechanism in which circulating quiescent cells becomes primed before complete activation. Primed neutrophils mount faster and higher responses of respiratory burst activity on exposure to a second stimulus. 35 Enhanced phosphorylation and translocation of NADPH oxidase subunits, including p47 phox and p67
phox from cytosol to plasma or granular membrane were found in primed neutrophils. 10 In rats, the infiltration of neutrophils to peripheral tissues follows the gradient of rat cytokine-induced neutrophil chemoattractant (CINC)-1 (a homolog of human IL-8) and CINC-3 (a homolog of human GROg). 36 Based on previous findings that whole body hypoxia induces a priming effect on neutrophils for enhanced superoxide production, endothelial adherence and membrane receptor expression, [37] [38] [39] we hypothesized that neutrophil priming may be involved in HPC-mediated protection against intestinal I/R-induced barrier dysfunction and BT.
MATERIALS AND METHODS Hypoxic Preconditioning
Male Wistar rats (150-200 g) obtained from the Animal Center of NTUCM were housed in a temperature-controlled room with 12-h light-dark cycles, and fed regular rat chow and water. All experiments described herein were conducted with the approval of the Institutional Animal Care and Use Committee, NTUCM.
Rats were exposed to an intermittent hypoxic condition for 17 h/day (1600 to 0900 hours) in a hypobaric hypoxic chamber equal to 5500 m in altitude (380 mm Hg, equivalent to 10% normobaric oxygen) for 21 days. Age-matched normoxic controls were kept at sea level. This method of HPC was previously established as one to which most rats can adapt successfully. 40, 41 Intestinal I/R Rats exposed to normoxia (NM) and HPC were divided to three subgroups each: one group was killed directly as controls (cont), and the second and third groups underwent surgical procedures of either sham operation (sham) or intestinal I/R. After fasting overnight, rats were anesthetized by intraperitoneal injection of urethane (1.2 mg/kg body weight) and intubated in the trachea to keep the airway unimpeded. Following laparotomy, the superior mesenteric artery was occluded with an atraumatic microvascular clamp for 20 min of ischemia and then the clamp was removed for 60 min of reperfusion. 42 Sham operation groups were subjected to laparotomy and mock manipulation of the artery without occlusion. All rats were placed on heating pads and rectal temperature monitored to prevent hypothermia during the surgical procedures. At the end of the experiments, rats were killed and tissue samples were collected for analysis.
Neutrophil Depletion
In a separate experiment, rats were rendered neutropenic by administration of polyclonal rabbit anti-PMN antibody (Accurate Chemical, USA) as previously described with slight modification. 27 After receiving HPC for 20 days, rats were injected intraperitoneally with 0.6 ml of anti-PMN immediately before the start of the last session of HPC for another 17 h. 27 The isotype control groups received normal rabbit serum, of which the antibody concentration was the same as to anti-PMN. These HPC rats administered anti-PMN or isotype antibodies then underwent the surgical procedures for I/R challenge.
Analysis of Bacterial Counts in Intestines and Extraintestinal Organs
Intestinal segments (1 cm in length, 5 cm proximal to the ileocecal junction), liver and spleen were excised using aseptic techniques and weighed using an analytical balance accurate to 0.1 mg. The luminal content of intestinal segments was gently washed away with sterile PBS before weight measurement. Tissues were then homogenized and sonicated in sterile PBS at a concentration of 0.1 g/ml. The tissue homogenate (200 ml per plate) was cultured at 37 1C overnight on fresh blood agar and McConkey agar plates (Scientific Biotech, Taiwan) to examine the growth of total and G(À) bacteria, respectively. The bacterial colony-forming units (CFUs) were calculated and normalized per gram of tissue (CFU/g). 43, 44 Ussing Chamber Studies and Macromolecular Flux Assay Muscle-stripped intestinal tissues were opened along the mesenteric border and mounted in Ussing chambers (WPI Instruments, USA). The opening of the chamber (2 cm 2 ) exposed the tissue to 10 ml of circulating oxygenated Krebs buffer. The serosal buffer contained 10 mM/l of glucose that was osmotically balanced with 10 mM/l of mannitol in the mucosal buffer. A circulating water bath maintained the temperature of the buffer at 37 1C. The potential difference between the two compartments was clamped at 0 V using a voltage clamp amplifier, and the short-circuit current of the tissue was then determined. The tissue conductance (G) was determined according to Ohm's law at 5-min intervals by the change in the Isc in response to a 1 mV pulse for 1 s. 45, 46 Intestinal permeability was determined by the level of mucosal-to-serosal flux of horseradish peroxidase (HRP type II, MW 44 kD; Sigma, USA). Tissues mounted in the Ussing chamber were allowed to equilibrate until the Isc stabilized before HRP was added to the mucosal buffer at a final concentration of 5 Â 10 À5 M/l. Samples (320 ml) of serosal buffer were collected at 0, 30, 60 and 90 min after addition of HRP, and were replaced with Krebs buffer/glucose. The concentration of HRP in serosal buffer was determined by a kinetic enzymatic assay, and HRP fluxes were calculated according to standard formulae and expressed as pmole/cm 2 /h, as previously described. 45, 46 Magnetic Resonance Imaging (MRI)-Based Intestinal Permeability Assay To assess the intestinal permeability in vivo, Gadodiamide (Gd)-containing contrast solution (Omniscan; GE Healthcare, USA) was instilled into the lumen of a ligated intestinal sac (10 cm) to a final concentration of 0.25 M immediately after the release of the artery clamp in I/R rats, and the signal intensity of this reagent in the plasma was quantified as described previously. 5, 47 The intestinal sac was created 1 cm proximal to the cecum by thread ligature and a PE-10 tube was intubated to one end of the sac for instillation of Gd solution. In sham-operated animals, the Gd probe was injected into the intestinal sac after mock manipulation. To quantify the flux of Gd probe from gut lumen to systemic circulation, blood samples of 0.5 ml were obtained from rats before (t ¼ 0 min) and 15, 30 and 60 min after the Gd-probe was injected into the intestinal sac. A known concentration (0.5 M) of Gd solution was serially diluted with neat plasma to prepare standard solutions for the calibration curve. Plasma and standard solution were subjected to MRI scan, with the imaging parameters TR/TE ¼ 550/67.50 ms, FOV ¼ 14 Â 0.5 cm 2 and NEX ¼ 4. The plasma Gd concentration was calculated from the standard curve.
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Neutrophil Respiratory Burst Activity Fresh heparinized blood was used for the measurement of neutrophil respiratory burst activity as previously described. 48 A sample of whole blood (20 ml) was diluted with 980 ml of PBS. The cell suspension was loaded with 10 ml of the fluorogenic substrate dihydrorhodamine (DHR) 123 (Molecular Probes, USA) to a final concentration of 1 mM and incubated at 37 1C for 5 min. Subsequently, 1 mM of f-Met-Leu-Phe (fMLP) (Sigma) was added to the cell suspension and incubated for 30 min. Non-fluorescent DHR 123 could be oxidized to fluorescent rhodamine by hydrogen peroxide. The cell suspension was then placed on ice to stop Figure 1 Enteric bacterial numbers and intestinal permeability were not modified by hypoxic preconditioning (HPC). The blood hematocrit levels (a), enteric bacterial numbers (b) and intestinal macromolecular flux rates (c) were determined in rats raised in normoxia (NM) or those exposed to HPC. The control (cont) rats in the two groups were killed before surgical procedures of mesenteric ischemia/reperfusion (I/R) or sham operation. Values were expressed as means ± s.e.m. N ¼ 10-12 per group (a, b); N ¼ 6 per group (c).
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Y-Z Lu et al the reaction after the incubation period, washed once with PBS and centrifuged at 400 Â g for 3 min. The pelleted cells were mixed with red blood cell lysis buffer (150 mM NH 4 Cl and 20 mM NaHCO 3 in water) and incubated for 6 min on ice until the turbidity was lost and the solution became clear. The cells were washed, resuspended with 200 ml of PBS and analyzed by FACS. For analysis, 5000 cells of each sample were acquired and the intensity of fluorescence (emission at 520 nm after 488 nm excitation) was detected. The amount of green fluorescence (rhodamine) in the cells is proportional to the extent of the hydrogen peroxide generated. The leukocytes of interest, that is, neutrophils, were readily identified by their typical side scatter and forward scatter patterns and gated for the analysis of fluorescence units. 48 Neutrophil Isolation Blood samples were collected and immediately put on ice for neutrophil isolation following protocols with slight modification. 49 A 4 ml volume of Histopaque-1083 (Sigma) was placed at the bottom of a conical tube and the same volume of blood was carefully and slowly layered onto the gradient. The tube was centrifuged at 400 Â g for 45 min to separate the medium into three distinct phases. The upper two layers containing plasma, mononuclear cells and Histopaque were discarded, and the lower layer containing neutrophils and erythrocytes was collected. The lower layer was mixed with 2 ml of a 6% dextran solution (MW 500 000; Sigma) in 0.15 M NaCl and the total volume increased to 7 ml with PBS. The tube was put on ice for 30 min and the supernatant was collected for centrifugation at 270 Â g for 10 min at 4 1C. The contaminating erythrocytes in the pellet were lysed with 0.83% (w/v) NH 4 Cl in water for 5 min and then the solution was centrifuged at 480 Â g for 10 min at 4 1C. The pelletcontaining neutrophils was washed with Hank's buffered saline solution (HBSS) at 270 Â g for 8 min at 4 1C, resuspended in HBSS and the cell number determined using Figure 2 Mesenteric ischemia/reperfusion (I/R)-induced intestinal mucosal histopathology was alleviated by hypoxic preconditioning (HPC). Rats raised in NM or HPC were killed directly as control (cont), or underwent surgical procedures of sham operation (sham) and mesenteric I/R. Intestinal sections in each group of rats were processed for H&E staining (a), and immunostaining for PCNA (b). Representative images are shown (magnification Â 100). Normal intestinal histology with immunoreactivity to PCNA in crypts was seen in normoxia (NM)-cont, NM-sham, HPC-cont and HPC-sham rats. Severe villus blunting associated with epithelial denudation (asterisks) and loss of PCNA staining was found in the intestines of NM-I/R rats, whereas a better morphology was seen in HPC-I/R rats. The intestinal histopathological scores (c) were determined for each rat, and the values were expressed as means±s.e.m. N ¼ 6 per group. a hemocytometer. The purity of neutrophils in cell preparations was determined to be 84.1 ± 0.8%.
Bactericidal and Phagocytotic Activity of Neutrophils
The bactericidal assay was performed as previously described with slight modification. 50, 51 Freshly isolated neutrophils (10 6 cells) were incubated with 10 7 CFUs of ampicillinresistant E. coli strain DH5 in HBSS (Invitrogen) in a 24-well plate for 15, 30 and 60 min at 37 1C with gentle shaking. Negative control samples contain bacteria or neutrohils alone. After various incubation times, extracellular bacteria were separated from neutrophils by centrifugation at 400 Â g for 3 min at 4 1C. The supernatant containing E. coli was plated on Luria-bertani (LB) agar with 100 mg/ml ampicillin, and incubated for 24 h at 37 1C. The viable bacterial counts were determined per plate and the data presented as CFUs.
After removing the supernatant, neutrophil pellets were resuspended in HBSS with 300 mg/ml gentamicin for 1 h at 37 1C to kill the adherent extracellular bacteria. To determine bacterial uptake by neutrophils, neutrophils were washed with cold PBS to remove gentamicin and lysed with 0.1% Triton X-100 for 20 min at 4 1C to release intracellular bacteria. The lysates were plated onto LB agar with 100 mg/ml ampicillin and incubated for 24 h at 37 1C. The numbers of phagocytosed bacteria was determined per plate and presented as CFUs. 52 In a separate experiment, isolated neutrophils (10 6 cells) were preconditioned with 0.25 ml of serum from HPC and NM rats for 60 min at 37 1C. After washing off the serum, 
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Lucigenin-Based Chemiluminescence (CL) Assay
The production of superoxide in isolated neutrophils was assessed by a lucigenin-based assay. The cells (10 6 neutrophils in 800 ml of HBSS) were incubated at 37 1C for 100 s followed by addition of 10 mM lucigenin (100 ml in volume) for 200 s. After stimulation with 10 mM fMLP or HBSS (100 ml in volume), cells were incubated for another 300 s. The superoxide production was recorded by a CL analyzer (CLD-110; Tohoku Electronic Industrial, Japan) every 10 s for a total of 600 s. The results were expressed in cumulative counts of area under curve after subtracting the baseline value without lucigenin and fMLP. 49 
Statistical Analysis
All data are presented as mean ± s.e.m. All comparisons were made by one-way analysis of variance followed by StudentNewman-Keuls post-hoc test (Sigma Stat). A P-value o0.05 is considered significant.
Detailed information about measurement of hematocrit levels, differential leukocyte counts, histopathological scoring, neutrophil-specific esterase staining, immunohistochemical staining, immunofluorescent analysis, confocal microscopy, intestinal MPO activity and ELISA are provided in the Supplementary Text.
RESULTS

HPC Did Not Modulate Enteric Bacterial Numbers and Macromolecular Permeability in Rat Small Intestines
To ensure that the HPC test subjects were preconditioned in the chamber, the blood hematocrit levels that indicate the proportion of erythrocytes in volume were first examined. The hematocrit value in HPC-cont rats (67.2 ± 1.4%) was significantly higher than NM-cont rats (51.0 ± 0.9%) (Figure 1a) . Intestinal bacterial numbers were comparable between HPCcont and NM-cont rats (Figure 1b) . The bacterial counts in the liver and spleen in both groups of rats were negligible (data not shown). The transmural macromolecular flux rates of intestinal tissues in HPC-cont and NM-cont rats were comparable (Figure 1c ). In addition, NM-cont and HPC-cont rats showed normal histological structure of the small intestine ( Figure 2a and Table 1 ).
Mesenteric I/R-Induced Intestinal Mucosal Injury and Barrier Dysfunction were Attenuated by HPC Rats exposed to NM and HPC were subjected to surgical procedures of mesenteric I/R or sham operation. Normal histological structure was seen in the small intestine of NM-sham and HPC-sham rats (Figure 2a) . Severe mucosal damage, including villus blunting associated with epithelial denudation and lamina propria disintegration, was noted in NM-I/R rats (Figure 2a) . In contrast to NM-I/R rats, longer villus structure with epithelial cell coverage was seen in HPC-I/R rats (Figure 2a) . Moreover, PCNA-positive cells were found in the small intestinal crypts of NM-sham, HPC-sham and HPC-I/R rats; however, no staining was seen in NM-I/R rats (Figure 2b ). The histopathological score was presented in Figure 2c . The villus length, crypt depth and C/V ratio were similar in NM-sham and HPC-sham rats (Table 1) . Shorter villus length and higher C/V ratios were seen in NM-I/R rats than in NM-sham rats. The villus length and C/V ratio were partially recovered in HPC-I/R groups (Table 1) .
Increased transmural electrical conductance (Figure 3a ) and macromolecular flux (Figure 3b) were seen in the intestinal tissues in NM-I/R compared with NM-sham rats. These values in HPC-I/R rats were significantly lower than those of NM-I/R rats (Figures 3a and b) . The real-time change of gut permeability in vivo was also assessed by portal drainage of enterally administered Gd using MRI techniques 47 ( Supplementary  Figure 1) . The Gd concentration in plasma samples of NM-I/R groups was significantly higher than that of NM-sham rats as early as 15 min after reperfusion, a condition that persisted up to 60 min (Figure 3c ). In contrast, decreased levels of plasma Gd were seen in HPC-I/R rats compared with NM-I/R rats (Figure 3c ). A shorter villus length and a higher C/V ratio were demonstrated in NM-I/R rats compared with NM-sham rats. The villus length and C/V ratio were partially recovered in HPC-I/R groups. Values were expressed as means ± s.e.m.
N ¼ 6 per group.
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The changes in intestinal permeability correlated well with the extent of BT. The total bacterial CFUs in the liver and spleen tissues of NM-I/R rats were significantly higher than those of NM-sham rats (Figures 4a and b) . No differences in the liver and spleen total bacterial CFUs were noted between HPC-I/R and HPC-sham rats (Figures 4a and b) . Similar results were seen in Gram-negative bacterial counts in the liver and spleen (Figures 4c and d) .
Augmentation of Neutrophil Chemotaxis and MPO Activity in the Gut Mucosa in HPC-I/R Rats
It was speculated that neutrophils in the gut mucosa may also have important roles in curbing enteric BT. Therefore, the respiratory burst activity and chemotactic gradient for neutrophils in intestinal tissues were assessed. I/R challenge elevated the intestinal MPO activity in both NM and HPC rats, of which the values in HPC-I/R rats (2.41 ± 0.38 units/ mg) were statistically higher than that of NM-I/R rats (0.78 ± 0.12 units/mg; Figure 5a ). Moreover, I/R challenge also raised the intestinal CINC-1 levels in both NM and HPC rats (Figure 5b ). The intestinal CINC-1 concentration in HPC-I/R rats was significantly higher than NM-I/R rats ( Figure 5b ). The intestinal levels of rat CINC-3 did not differ between NM-sham and NM-I/R rats, yet the chemokine in HPC-I/R rats were higher than HPC-sham rats (Figure 5c ). Elevated plasma concentrations of CINC-1 were found in HPC-I/R rats compared with HPC-sham rats, while the levels of plasma CINC-1 in NM-sham and NM-I/R rats were not significantly different (Figure 5d ).
To further evaluate the extent of neutrophil infiltration into the gut, the location and morphology of neutrophils in mucosal tissues were examined. Rounded neutrophils were seen mostly near the base of intestinal crypts with some in the villus region in NM-sham rats and NM-I/R rats ( Figure 6 ). In HPC rats, the morphology and the spatial arrangement of neutrophils were altered drastically. The intestinal neutrophils had an elongated appearance, and the cells were aligned sequentially along the axis of the blood capillaries in the villus core in HPC-sham and HPC-I/R rats ( Figure 6 ).
HPC Alone Increased the Numbers, Respiratory Burst Activity and Bacterial-Killing Effects of Blood Neutrophils
The numbers and the respiratory burst activity of blood neutrophils were investigated in rats before surgical procedures. The percentage of neutrophils in total leukocytes (19.18 ± 1.96% vs 15.80 ± 1.20%, Po0.05) and neutrophil numbers (2.15 ± 0.47 vs 0.99 ± 0.1 (10 3 /mm 3 ), Po0.05) were higher in rats of the HPC-cont group than in the NM-cont group. The respiratory burst activity in blood neutrophils was examined after stimulation with bacterial fMLP by a dirhodamine conversion test. The neutrophil population in whole blood cells was first gated based on their size and granularity in the dot plot image for analysis (Figure 7a ). For unstimulated neutrophils incubated in PBS, the fluorescent intensity of HPC-cont rats was markedly higher than that of NM-cont rats, indicating that HPC alone may activate neutrophil hydrogen peroxide production (Figure 7b ). 
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The fluorescent intensity of neutrophils was further elevated after stimulation with exogenous fMLP compared with those incubated in PBS in both NM-cont and HPC-cont groups (Figure 7b ). The fluorescent intensity of fMLP-stimulated neutrophils was higher in HPC-cont groups than in NM-cont groups (Figure 7b ).
The activation of NADPH oxidase in blood neutrophils that catalyze superoxide production was examined using a lucigenin-enhanced CL assay. The baseline CL units of neutrophils of HPC-cont rats were higher than those of NM-cont rats (Figure 7c ), suggesting that HPC alone triggers superoxide production in neutrophils. After stimulating with Primed neutrophils limit gut bacteria influx Y-Z Lu et al exogenous fMLP, the CL units and the area under the curve were higher for neutrophils isolated from HPC-cont rats than from NM-cont rats (Figures 7c and d) . The cytosolic NADPH oxidase subunits are known to migrate to the membrane to form a complex in response to priming. In NM-cont rats, p47 phox ( Figure 7e ) and p67 phox ( Figure 7f) were located in the cytosol of neutrophils, and did not colocalize with F-actin in superimposed images. In contrast, p47 phox and p67 phox staining was colocalized with F-actin in neutrophils of HPCcont rats (Figures 7e and f) . To assess the bactericidal and phagocytotic activity, neutrophils from NM-cont and HPC-cont rats were incubated with E. coli at a 1:10 ratio for various time points in vitro, followed by bacterial harvesting and culturing on agar plates. The viable bacterial counts in the cell media of HPC-cont groups were lower than NM-cont groups after 30 and 60 min of co-incubation (Figure 8a) . Moreover, the phagocytotic activity of neutrophils was significantly higher in HPC-cont groups compared with NM-cont groups at all time points (Figure 8b ). No bacterial growth was found in isolated neutrophils of NM-cont and HPC-cont rats without the addition of exogenous E. coli (data not shown). To test if the priming effect may be carried over to naïve cells, isolated control neutrophils were incubated with serum from HPC-cont and NM-cont rats before the bactericidal assay. Our results have shown that neutrophils preconditioned with HPC serum showed higher bactericidal effects than those with NM serum (Figure 8c ). The phagocytosed bacteria amount was slightly increased in neutrophils preconditioned with HPC serum compared with NM serum, albeit without statistical significance (Figure 8d ).
Neutrophil Depletion Reduced the Protective Effect of HPC Against I/R-Induced Intestinal Injury
To investigate whether neutrophils were involved in the protective mechanism, rats exposed to HPC were rendered neutropenic by administration of anti-PMN before I/R challenge. The blood neutrophil counts in rats given anti-PMN were significantly lower than those given isotype controls (0.12 ± 0.03 vs 1.92 ± 0.40 (10 3 /mm 3 ), Po0.05), validating the depletion of circulating neutrophils. HPC rats that were pre-treated with anti-PMN showed a lower level of intestinal MPO activity on I/R challenge compared with those with isotype antibodies (Figure 9a ). The decrease in The fluorescent intensity of rhodamine in both normoxia (NM)-cont and HPC-cont groups was elevated after stimulation with exogenous f-Met-Leu-Phe (fMLP) compared with incubation with PBS, of which the values in HPC-cont groups were statistically higher than those in NM-cont groups. (c) A representative profile of lucigenin-enhanced chemiluminescence (CL) units produced by isolated neutrophils before and after stimulation with fMLP. The baseline CL units (100-300 s) of neutrophils of HPC-cont rats were higher than those of NM-cont rats. After stimulating with exogenous fMLP (300-600 s), the CL units were higher for neutrophils isolated from HPC-cont rats than NM-cont rats. (d) The integrated area under the curve of lucigenin-enhanced CL generated from neutrophils was quantified. Neutrophils of HPC-cont rats stimulated with fMLP showed increased area under the curve compared with the unstimulated cells incubated in Hank's buffered saline solution (HBSS). Moreover, the area under the curve after fMLP stimulation in neutrophils of HPC-cont rats was higher than NM-cont rats. (e, f) The distribution of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase subunits (p47 phox or p67 phox , both in red color) and F-actin (green color) were examined in isolated blood neutrophils. Colocalization of NADPH oxidase subunits and F-actin (yellow color in superimposed images) were observed in neutrophils of HPC-cont rats but not NM-cont rats. Cell nuclei were stained blue with Hoechst dye. Magnification 
DISCUSSION
Neutrophils have been incriminated in the pathogenesis of ischemic injury in various organs. [12] [13] [14] 53 However, the role of neutrophils in the intestinal tract, an organ full of bacteria, has been debatable. This study provides the first evidence that neutrophil priming and activation by HPC protects the ischemic intestine against barrier dysfunction. We demonstrated that HPC reduced extraintestinal bacterial counts, and alleviated the mucosal histopathology and epithelial permeability rise normally seen on mesenteric I/R; moreover, the protective effects of HPC may be reversed by neutrophil depletion. Increased neutrophil priming and activation prevents enteric bacterial intrusion through multiple pathways, including direct antimicrobial activity and promotion of epithelial barrier integrity.
Our previous studies demonstrated abnormal BT and increased epithelial permeability in mesenteric I/R rats.
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Here, we showed that rats preconditioned to a hypoxic environment displayed a significant reduction in bacterial counts in extraintestinal organs, associated with decreases in transepithelial macromolecular flux and mucosal histopathology on I/R challenge. The attenuation of BT may be attributed to higher barrier integrity and/or stronger antimicrobial effects of phagocytes. We demonstrated that the levels of neutrophil chemoattractants (CINC-1 and -3) and MPO activity in the gut mucosa of HPC-I/R rats were significantly higher than those of NM-I/R rats. In contrast to the rounded intestinal neutrophils in normoxic rats, elongated appearance and villus core alignment are typical features of neutrophils in rat intestines exposed to HPC. The altered morphology and distribution of intestinal neutrophils are consistent with the changes in chemokine levels, indicating that HPC increases neutrophil infiltration to gut tissues. These findings suggest a correlation between the HPC protective effect and an elevation of neutrophil infiltration and activation in gut mucosa.
The numbers and the priming status of blood neutrophils were next verified in rats following preconditioning. In comparison with rats kept in NM, higher numbers, and increased superoxide production, bactericidal and phagocytotic activities of blood neutrophils were found in HPC rats. The priming effect may be carried over to naïve neutrophils by preconditioning with HPC serum, suggesting that soluble factors are partly responsible for neutrophil priming. Taken together, these findings indicate that HPC may prime neutrophils for higher respiratory burst, stronger phagocytotic activity as well as faster infiltration, resulting in more efficient bacterial killing in target tissues. A number of substances are known to prime neutrophils, including proinflammatory cytokines (eg, IL-8 and TNFa) and bacterial products (eg, LPS and fMLP). 10 Whether the presence of circulating bacterial products is also involved in the mechanism of neutrophil priming by HPC warrants further investigation.
In an organ full of commensal bacteria such as the intestine, neutrophil activation in the mucosa may be beneficial in limiting microbial dissemination. Based on this hypothesis, we examined whether neutrophil depletion may block the HPC protection against BT in I/R injury. In comparison with those given isotype control antibody, the administration of anti-PMN led to a 93.75% reduction in blood neutrophil numbers that correlated with higher extraintestinal bacterial counts, indicating that neutrophils are involved in the mechanism of microbial clearance exerted by HPC. It is worth noting that neutropenia inhibited the HPC protective effect on gut permeability and mucosal histopathology in which severe epithelial denudation and villus deformation were present in HPC-I/R rats. These findings suggest that in addition to their bacterial-killing activity, neutrophils may also contribute to the process of epithelial restitution and maintenance of mucosal barrier integrity on ischemic challenge. Therefore, in contrast to the common belief that neutrophil activation is a cause for histopathology and barrier damage in ischemic intestines, 25, 26, 54 our findings suggest that neutrophils may be involved in protective mechanisms conferred by HPC to maintain gut barrier integrity. Previous studies of chemically induced colitis in rats revealed that depletion or adhesion blockade of neutrophils aggravated the intestinal histopathology, and promotion of bone marrow-derived granulocyte differentiation facilitated the mucosal repair processes. 28, 55, 56 One report indicates that neutrophil-derived IL-1b is involved in promoting epithelial restitution and mucosal wound healing after ischemic challenge via a cyclooxygenase-2-dependent mechanism. 57 Previous studies showed that adaptive hypoxia protects the intestinal epithelial barrier integrity via transcriptional regulation of hypoxiainducible factor 1. [22] [23] [24] Further investigation of the molecular Figure 9 Depletion of blood neutrophils blocked the hypoxic preconditioning (HPC) protection against ischemia/reperfusion (I/R) injury. Rats exposed to HPC were administered anti-PMN or isotype antibodies, and then subjected to mesenteric I/R challenge. Depletion of blood neutrophils was confirmed in rats administered anti-PMN compared with those given isotype antibodies (0.12 ± 0.03 vs 1.92 ± 0.40 (10 Primed neutrophils limit gut bacteria influx Y-Z Lu et al mechanism of neutrophil-dependent protection of epithelial barrier is currently under progress.
In conclusion, neutrophil priming by HPC protects against mucosal barrier disruption and BT caused by mesenteric I/R. These results suggest caution in the use of anti-leukocyte therapy for treating intestinal ischemia. Our findings support HPC-based interventions for the correction of bacterial influx and septic complications in intestinal I/R injury.
